INTRODUCTION
============

Base excision repair (BER) is the major repair pathway for non-bulky lesions in DNA. These include alkylated and oxidized bases arising from endogenous or exogenous sources as well as spontaneously formed apurinic/apyrimidinic (AP) sites ([@B1],[@B2]). BER is a step-wise process involving several enzymes. It is initiated by specific DNA *N*-glycosylases that remove the damaged bases yielding AP sites ([@B3],[@B4]). The budding yeast *Saccharomyces cerevisiae* has proven a model eukaryote for genetic dissection of several steps in BER of alkylation damages ([Figure 1](#F1){ref-type="fig"}). The major pathway for removing AP sites in yeast is carried out by AP endonuclease Apn1 or Apn2 cutting 5′- of an AP site and yielding single-strand breaks (SSBs) with a 5′-deoxyribose phosphate (5′-dRP) \[reviewed in ([@B1])\]. Although there are many BER functions in common with mammalian cells, yeast appears to lack an enzyme that, similar to the DNA polymerase (Pol) β, can function as a Pol as well as an AP lyase in BER. However, in yeast and in mammalian cells the removal of 5′-dRP can be accomplished through the successive action of a Pol (presumably δ or ɛ) and a 5′-flap endonuclease (Rad27/Fen1) followed by sealing a DNA strand with a DNA ligase (presumably Lig 1). Alternatively, an AP site can be incised on the 3′-side by a glycosylase-associated AP lyase to form a 3′-α,β-unsaturated aldehyde (3′-dRP). These ends represent a major problem for DNA integrity because they cannot be extended by a DNA polymerase or ligated. Based on genetic studies, endonucleases Apn1 or Apn2 are the major contributors to removal of 3′-dRP ([@B5; @B6; @B7]). In the absence of these endonucleases, the nucleotide excision repair (NER) genes *RAD1* and *RAD10* become essential suggesting that NER components can provide a backup pathway for 3′-dRP removal ([@B5],[@B8]). Figure 1.BER of alkylation DNA damage in *S. cerevisiae* \[modified from ([@B1])\]. An alkylated base is shown as a filled green square. The 5′- and 3′-deoxyribose phosphates (5′-dRP and 3′-dRP) are shown as filled and open blue circles, respectively. Arrowheads on DNA strands correspond to 3\'-ends. Red dashed lines represent repair-associated DNA synthesis.

A major category of DNA lesions subject to BER is alkylation damage generated by endogenous and environmental agents as well as by many anti-cancer drugs ([@B9],[@B10]). Most alkylation lesions are cytotoxic and mutagenic, posing a threat to genome integrity ([@B9]). Methyl methanesulfonate (MMS) is a classic alkylating agent that has been widely used to investigate pathways of repair and tolerance of alkylation damage in DNA. The predominant lesions are N-methylation adducts N7-methylguanine (N7-MeG) and N3-methyladenine (N3-MeA). While N7-MeG is thought to be relatively innocuous, N3-MeA is cytotoxic due to blockage of replication fork progression ([@B11],[@B12]).

The enzymatic steps of BER, including the BER of alkylation base damage have been studied in detail *in vitro* utilizing purified proteins as well as cell extracts ([@B13],[@B14]). However, the redundancy of BER enzymes and versatility of BER pathways make it difficult to understand the actual cellular mechanisms. It is also clear that the efficiency of *in vivo* BER could depend on chromatin organization which may influence lesion accessibility as well as repair activity ([@B15]). Other factors, such as coordination with the cell cycle, regulation of BER gene expression and delivery of BER proteins into the nucleus may also impact repair.

Information about BER *in vivo* is typically pursued through genetic studies. Hundreds of genes have been found that affect MMS-resistance in eukaryotic cells ([@B16; @B17; @B18]). Some genes may encode BER enzymes and cofactors or be involved in BER regulation and cellular compartmentalization. However, MMS tolerance is determined not only by BER efficiency, but also by downstream DNA transactions, such as replication bypass and double-strand break (DSB) repair ([@B19]).

In order to identify and characterize genetic defects that specifically affect BER efficiency among alkylation damage sensitive mutants an *in vivo* assay is needed to monitor and quantify BER. We present here the development and characterization of such an assay in the budding yeast *S. cerevisiae*. MMS induction of AP sites and BER are monitored in G1haploid cells, thereby avoiding competing processes associated with replication bypass and recombinational DSB repair. Methylation base damage was detected by *secondary* breakage (presumably at the sites of closely spaced lesions) of full-size yeast chromosomes that arose in the course of preparation and/or pulsed-field gel electrophoresis (PFGE). The assay measures the formation and repair of damaged bases and/or AP sites as well as the accumulation of nicks during BER. With the use of this assay we obtained physical evidence that Apn1 and Apn2 not only provide for BER of AP sites but also prevent the formation of unrepairable nicks in chromosomal DNA treated with MMS.

MATERIALS AND METHODS
=====================

Yeast strain construction
-------------------------

Standard methods of yeast genetics were as described ([@B20]). All strains used in this study are derivatives of the two isogenic strains ALE1000 and ALE1001 (*MAT*α *leu2-3112 ade5-1 his7-2 ura3Δ trp1-289* \[(chr II) *lys2*::Alu-DIR-*LEU2*-*lys2Δ5*′\]) ([@B21]). In addition to the mutant copy of the complete *LEU2* gene in chromosome III the strain contains a copy of the wild-type *LEU2* integrated in the vicinity of the *LYS2* in chromosome II. MWJ49 (derived from ALE1000) and MWJ50 (derived from ALE1001) strains with circular chromosome III were generated by DSB-induced homologous recombination between the *HML* and *HMR* silent cassettes of the MAT locus using *GAL1*-I-*Sce*I CORE cassette ([@B22],[@B23]). Briefly, the unique (*Y*~a~) part of the *HMRa* locus was first replaced with the *GAL1*-I-*Sce*I CORE cassette in *sir2-null* derivatives of ALE1000 and ALE1001 to allow expression of *GAL1*-I-*Sce*I CORE. A site-specific DSB was induced by incubating cells in synthetic complete media with 2% galactose with vigorous shaking for 4 h. After plating on YPDA (10 g/l yeast extract, 20 g/l Bacto peptone, 20 g/l glucose, 10 mg/l adenine) and growing for 1 day, colonies that lost the CORE marker *URA3* were selected on medium with 5-fluoroorotic acid. CORE loss was verified by loss of the second marker, G418-R. Selected strains with circularized chromosome III were verified by PCR amplification of the junction sequence with primers located upstream of HMR and downstream of HML as well as by PFGE, as described in 'Results'. *SIR2*^+^ strains with circular chromosome III were obtained from the spore progeny after dissecting the meiotic products from the cross with the isogenic *MATa* strain.

MMS treatment
-------------

Yeast were grown in rich YPDA medium at 30°C for 48 h with vigorous shaking. At this stage \>95% of cells were in the G1 stage of cell cycle based on the absence of buds. Cells were washed with distilled water and re-suspended in phosphate-buffered saline (PBS; 10 mM phosphate, NaCl, 0.138 M; KCl, 0.0027 M, pH 7.4) at a density of 1.5 × 108 cells/ml. After treatment with 11.8 mM (0.1%) MMS at 30°C for 15 or 30 min with vigorous shaking, the MMS was neutralized in 5% sodium thiosulfate, by mixing 1:1 (v/v) ratio with 10% Na~2~S~2~O~3~. Cells were washed twice with dH~2~O, and re-suspended in PBS. A part of each sample was immediately processed for DNA preparation in agarose for PFGE (DNA plugs) as described subsequently. To monitor the repair, another volume of the MMS-treated or control yeast cells was kept in PBS buffer for 24 h at 30°C with constant shaking referred to as liquid holding (LH). Thereafter, cells were processed for DNA plug preparation and PFGE analysis.

DNA preparation and PFGE
------------------------

Preparation of DNA plugs containing chromosome-sized genomic DNA embedded in agarose was performed as suggested by the manufacturer (CHEF Yeast Genomic DNA Plug Kit, Bio-Rad, Richmond, CA) with minor modifications. Briefly, control and MMS-treated yeast cells were immobilized in 0.6% agarose and treated with 1 mg/ml Zymolyase (100 U/mg, MP Biochemicals, Solon, OH) for 2 h at 30°C in a 'spheroplasting' solution (1 M Sobitol, 20 mM EDTA, 10 mM Tris pH7.5) to remove the cell wall. This was followed by digestion with proteinase K (10 mM Tris, pH 8.0, 100 mM EDTA, 1.0% *N*-lauroylsarcosine, 0.2% sodium deoxycholate, 1 mg/ml Proteinase K) for 24 h at 30°C or 55°C. The electrophoresis was performed using a Bio-Rad CHEF-Mapper XA PFGE system. Samples were resolved in a 1% agarose gel at 6 V/cm for 20 h with a 60--120 s switch time ramp (14°C). Gels were stained with ethidium bromide (0.5 μg/ml for 2 h) and destained with 0.5×TBE for 1 h.

Southern blot and hybridization
-------------------------------

Southern transfer from CHEF gels to Hybond N+ (Amersham, Piscataway, NJ) was done with the PosiBlot transfer apparatus (Stratagene, La Jolla, CA) in neutral conditions (10×SSC). Hybridization was carried out with the 288 nt fragment of the *LEU2* gene, copies of which were present in the chromosome III as well as in the chromosome II, as described before. The fragment was amplified from yeast genomic DNA with the following primers

*LEU2-pr1-5*′ -- 5′-TGTCAGAGAATTAGTGGGAGG-3′ and *LEU2-pr1-3*′ -- 5′-ATCATGGCGGCAGAATCAAT-3′.

The probe was labeled with ^32^P using the PrimeIt random primer labeling kit (Stratagene, La Jolla, CA) and incubated with the filter overnight at 70°C. Autoradiographs were digitized and densitometric analysis was performed using Kodak 1D software (version 4.0). The band mass was calculated from the plotted band profile under a Gaussian fit to its intensity using the internal function of the software. The ratio between the band masses of chromosome II and III was used to calculate chromosome breakage as described in the Results.

Formula for the dose dependence of chromosomal breakage resulting from closely spaced single-strand breaks in opposite DNA strands
----------------------------------------------------------------------------------------------------------------------------------

Calculations were based on the assumption that SSBs are distributed evenly between the two DNA strands of a chromosome. We also assume that in order for a given SSB to form a DSB, a second SSB must appear on the opposite strand and it should be separated from the first SSB by a distance ≤***S***. The probability of at least one SSB falling into a region ***2S*** within one strand of a chromosome, where there are ***N*** SSBs distributed randomly across each chromosome (approximated by a Poisson distribution) of length ***L***, can be expressed by the following equation: The total expected number **(*D*)** of DSBs in one chromosome would be Taking the first two terms of the Taylor expansion then: Thus, with an SSB-inducing agent, where ***N*** is proportional to dose, the expected dose-dependence for DSB induction would follow second order kinetics.

RESULTS
=======

Quantifying breakage of full size yeast chromosomes by PFGE
-----------------------------------------------------------

The induction of single-strand lesions and repair events can potentially be measured by detecting modifications in DNA. Our approach to detecting SSBs is based on the appearance of DSBs that arise from SSBs in close proximity. The SSBs could be actual nicks in DNA or lesions such as heat-labile sites that under certain conditions can lead to nicks ([@B24]).

The system for quantifying DSBs was developed based on PFGE measurements of full length, chromosome-size DNA in non-dividing G1 (or G2) yeast cells. (S-phase cells are not good material for PFGE analysis since chromosomes with replicating structures do not enter the gel.) The mobility of linear molecules in PFGE is strictly size-dependent, so that broken linear molecules exhibit faster mobility. An important advantage of PFGE for studies of DNA damage and repair is that there is minimal disruption of chromosomal DNA, which is important for the detection of damage-associated SSBs as discussed subsequently. The strains also contained a circularized chromosome III. While full-size linear yeast chromosomes can be separated by PFGE, a circular chromosome does not migrate from the plug preparation into the gel ([Figure 2](#F2){ref-type="fig"}A). However, a single DSB allows the chromosome to enter the gel as a unique band which can be detected by Southern hybridization \[[Figure 2](#F2){ref-type="fig"}B and C and ([@B25])\]. Figure 2.Measuring chromosome breaks using PFGE in strains containing circular chromosome III. Positions of linearized chromosome III (Chr III) and linear chromosome II (Chr II) are indicated on each gel. (**A**) Circular chromosome cannot migrate into the gel. 'L' -- yeast strains with linear chromosome III; 'Cir' -- yeast strains with circular chromosome III. (**B**) *In vitro* treatment of DNA plugs with γ-radiation. Agarose plugs with genomic DNA from G1 haploid cells were placed in buffer (20 mM Tris, pH 8.0 and 50 mM EDTA) and γ -irradiated in the Shepherd Irradiator Model 431 with a 137Cs source at a dose rate of 23 Gy/min. Dose (Gy) is indicated above each lane. Chromosomal DNA in (A) and (B) was visualized by ethidium bromide staining after PFGE. Linearized chromosome III is not visible as a separate band on panel (B); its position is indicated by Southern hybridization. (**C**) Southern hybridization of the gel shown on panel (B) with a *LEU2*-probe, which identifies both chromosomes II (Chr II) and III (Chr III).

In order to evaluate the utility of our system for DSB quantification, we utilized ionizing radiation to induce DSBs. As shown in [Figure 2](#F2){ref-type="fig"}B and C, gamma irradiation of chromosomal DNA contained within plugs leads to loss of the unique linear chromosomal bands. The radiation also transforms circular chromosome III to unique linear molecules that can be detected in the gel with a *LEU2* probe ([Figure 2](#F2){ref-type="fig"}C). As expected, the intensity of the singly broken chromosome III increased with increasing dose over the range examined.

While the full-sized linear broken chromosome III could be detected in the gel, it is not possible to determine the efficiency of DSB induction because the initial amount of circular chromosome molecules contained in the plug prior to PFGE could not be accurately evaluated. In order to quantify DSBs, we introduced an additional copy of *LEU2* sequence into the linear chromosome II which is 2.9 times the size of circular chromosome III, so that the bands are well separated in our PFGE conditions. The increasing intensity of the linear chromosome III band combined with reduction of the chromosome II band provides a convenient means for estimating the frequency of DSBs in chromosomal DNA ([Figure 2](#F2){ref-type="fig"}B).

The frequency of DSBs was determined based on the following assumptions: (i) linear chromosomal DNAs migrate in PFGE strictly on the basis of size; (ii) DSBs are distributed randomly throughout the genome; (iii) the DSBs follow a Poisson distribution. Thus, for chromosome III the distribution of numbers of breaks can be approximated as: where (*P~Chr\ III(A)~*) is the probability of (*A*) number of breaks in this chromosome and (*X*) is the average number of DSBs in chromosome III. In order to create a full size linearized chromosome III, exactly one DSB is required (*A* = 1). The full size molecules of chromosome II would be found in the gel if no breaks have occurred (*A* = 0). Considering the ratio of the lengths of chromosome II and circular chromosome III as 2.9, the probabilities of full size molecules of a chromosome migrating in the gel would be The absolute values for *P~ChrIII\ ([1](#M1){ref-type="disp-formula"})~* and *P~Chr.II\ (0)~* could be estimated by comparing band intensities of the corresponding chromosomes in treated versus untreated cells assuming that the same amount of DNA enters the gel. However, for the case of the circular chromosomes, little or no unbroken DNA enters the gel. Also, there might be differences in amounts of DNA that enter the gels due to differences in sample preparation. These issues can be avoided by calculating the ratio of radioactivity contained in the band representing the circular chromosome III with one break and the band representing unbroken chromosome II. Both bands are identified by the *LEU2* probe within the same lane. The average number of DSBs in chromosome III (*X*) subjected to PFGE was calculated from the transcendental equation below which can be solved by iteration:

Using this approach, the amount of DSBs per genome equivalent induced by gamma-irradiation of plugs of chromosomal DNA was determined ([Table 1](#T1){ref-type="table"}). Based on the experiments with ionizing radiation as well as on MMS studies (described later) we limited the range of DSB measurements to those variants where the intensities of chromosome bands can be reliably detected by computer analysis of digitized autoradiographs and where the band peak is at least three times greater than a corresponding adjacent region (i.e. 10--200 Gy). With the typical amount of background in our experiments, the chromosome III band was not detectable when the number of DSBs per haploid genome was less than two, while the chromosome II band was not detectable when DSB number was greater than 40 per genome ([Figure 2](#F2){ref-type="fig"}C and [Table 1](#T1){ref-type="table"}). Thus the range of reliable measurements was 2--40 breaks per haploid genome. Table 1.DSB quantification based on Southern analysis^a^Parameterγ dose (Kr)^b^MMS^c^0125102060120exp.1exp. 2Chr II to Chr III ratio\>3515.97.34.63.31.1\<0.1\<0.10.40.2DSB per genome\<22.44.76.98.717.3\>40\>4029.839.0[^1][^2][^3]

Monitoring MMS-induced base damage and repair in full-size yeast chromosomes
----------------------------------------------------------------------------

It has been established that AP-sites in DNA are heat-labile ([@B26]). These heat-labile AP-sites can be converted into strand breaks at the elevated temperatures often used in the processing of chromosomal DNA for PFGE. The heat-labile sites can result in DSBs that are detectable with PFGE ([@B24],[@B27]) due to secondary DSBs that are considered to result from closely spaced nicks in DNA. Initial MMS base damage (i.e. N3-MeA and N7-MeG) are prone to non-enzymatic depurination at high temperature ([@B19]) and thus also can also result in heat-labile sites.

Based on these properties, our assay was refined to quantify MMS-induced DNA damage and repair by BER in G1 haploid yeast which has only one copy of the genome thereby preventing opportunities for recombinational repair \[or even the HR process associated with this repair ([@B28])\], as well as the bypass repair associated with replication.

Cells were treated for 15--30 min with 11.8 mM (0.1%) MMS. To allow repair, they were washed and kept in buffer for 24 h (liquid holding, abbreviated as LH). Chromosome size DNA was prepared by embedding cells in agarose (DNA plug) before the DNA isolation process to prevent artificial shearing. MMS-induced damage was assessed by the appearance of secondary DSBs that can be detected with PFGE. As shown in [Figure 3](#F3){ref-type="fig"}A, massive breakage was observed based on the disappearance of full size yeast chromosome bands (lanes 2 and 3). Repair is evident after LH (lanes 5 and 6) based on reappearance or increased intensity of chromosomal bands in the ethidium-strained gel, the decreased intensity of linearized chromosome III band and the increased intensity of full-size chromosome II band revealed by Southern hybridization. More than 70% of the DSBs disappeared after LH of cells exposed to MMS for 15 min (compare lanes 2 and 5). Based on our results described subsequently, as well as on previous reports ([@B24],[@B27]), broken DNA molecules were the consequence of secondary DSBs that resulted from closely spaced single-strand nicks. The secondary DSBs arose when the DNA plugs were heated at 55°C during proteinase K digestion. When the plugs were processed at lower temperature (30°C), DSB formation was reduced over 90% and approached the level of untreated controls ([Figure 3](#F3){ref-type="fig"}A, lanes 7--12). Although fewer DSBs were detected when plugs were processed at the lower temperature, lesions were still present (see Southern hybridization, lanes 8 and 9). Figure 3.PFGE of yeast chromosomes after MMS treatment. The calculated number of chromosome breaks is shown under each lane. (**A**) MMS-treatment of yeast cells induces heat-labile base damages that can be detected by formation of secondary DSBs. G1 haploid yeast were treated with 0.1% MMS for 15 min (lanes 2, 5, 8, 11) or 30 min (lanes 3, 6, 9, 12) followed by immediate DNA purification and PFGE (lanes 1--3 and 7--9) or PFGE after LH or 24 h in a buffer (LH) (lanes 4--6 and 10--12); lanes 1, 4, 7 and 10 are mock-treated controls. DNA purification with proteinase K digestion was performed either at 55°C (lanes 1--6) to measure heat-dependent breaks (HDBs) or at 30°C (lanes 7--12) to measure heat-independent breaks (HIBs). Chromosomes were visualized by ethidium bromide staining and breaks were quantified based on Southern hybridization. The numbers of DSBs per haploid yeast genome, calculated as described in the text are shown under each lane. (**B**) MMS treatment of chromosomal DNA within the plug produces heat labile sites. Plugs containing genomic DNA from G1 were treated with 11.8 mM MMS for 15 min (lanes 2, 5, 8) or 30 min (lanes 3, 6, 9); lanes 1, 4 and 7 are mock-treated controls. Lanes 1--3 contain DNA-plugs with no post-treatment incubation; lanes 4--6 contain DNA-plugs that were post-incubated at 30°C for 24 h; lanes 7--9 contain DNA-plugs that were post-incubated at 55°C for 24 h.

To confirm that MMS does not directly produce DSBs but instead leads to heat-labile sites that give rise to secondary DSBs, DNA plugs prepared from untreated cells were treated with MMS. The DNA plugs were then processed in three ways: (i) no further treatment ([Figure 3](#F3){ref-type="fig"}B, lanes 1--3); (ii) incubation at 30°C for 24 h ([Figure 3](#F3){ref-type="fig"}B, lanes 4--6); (iii) incubation at 55°C for 24 h ([Figure 3](#F3){ref-type="fig"}B, lanes 7--9). As revealed by PFGE and Southern hybridization, a significant increase in DNA breakage in MMS-treated plugs over untreated controls was observed only if they were processed at 55°C.

In summary, the heat-labile property of MMS-induced base damage can be observed as heat-dependent breaks (HDBs) in full size yeast chromosomes separated by PFGE. Monitoring and quantifying HDBs provides a useful way to study alkylation damage and its repair *in vivo*. A large dose of MMS also caused small, but reproducible amounts of heat-independent breaks (HIBs; [Figure 3](#F3){ref-type="fig"}A, lane 9). As shown subsequently, HIBs provide a measure of nicks that are directly associated with cellular lesions or their repair.

Mag1 glycosylase is required for the repair of MMS-induced heat-labile sites in haploid G1 yeast cells
------------------------------------------------------------------------------------------------------

The most abundant lesions caused by MMS are N7-MeG (80--85%) and N3-MeA (9--12%) ([@B29]). Based on the strong MMS-sensitivity of the *S. cerevisiae* Mag1-glycosylase null mutants, this activity was proposed to be important in the removal of both types of damaged bases ([@B30]). In our strain background the *mag1*-null mutants were also sensitive when plated to media containing 3 mM MMS ([Figure 4](#F4){ref-type="fig"}A). However, survival of G1 haploid *mag1*-null cells treated with 11.8 mM MMS under conditions used for our damage-detection experiments was indistinguishable from the wild-type ([Figure 4](#F4){ref-type="fig"}B and C). (Note: increased growth delay compared to wild-type was retained in cells derived from ([Figure 4](#F4){ref-type="fig"}B) *mag1*-null colonies that arose from cells plated onto YPDA after 30 min 11.8 mM MMS.) However, logarithmically growing *mag1-*null cells were sensitive to MMS ([Figure 4](#F4){ref-type="fig"}C), similar to a previous report where cells with a different background were treated under the same condition and MMS concentration for the *mag1* and wild-type ([@B7]). The similarity in MMS-killing of the *mag1*-null and wild-type G1 haploid cells might be due to either high capacity for downstream damage bypass and/or DSB repair or by the action of other glycosylases that are secondary to Mag1 in dealing with MMS damaged bases (Discussion). Figure 4.MMS-induced killing of different yeast genotypes used in this study. (**A**) MMS sensitivity of yeast strains as determined by plating from serial 10-fold dilutions onto rich (YPDA) medium containing 1 mM or 3 mM MMS. (**B**) Sensitivity of yeast strains treated with 11.8 mM (0.1%) MMS for 15 or 30 min in PBS and then plated to rich (YPDA) medium from serial 10-fold dilutions. (**C**) MMS sensitivity of G1 yeast or logarithmically growing cells: G1 cells wt (open circle) and *mag1* (filled circle); log phase wt (open square) and *mag1* (filled square). All experiments were done with two isogenic derivatives of wild-type yeast strains MWJ49 and MWJ50 or two mutant strains derived from these wild types. Plating in (A) and (B) was done 3--4 times for each strain. All numbers in (C) represent the average for two isogenic strains, which differed from each other by no more than 30%.

In order to clarify the role of Mag1 in removal of MMS-damaged bases we directly assessed its contribution to induction of HDBs and their repair in G1 haploid cells ([Figure 5](#F5){ref-type="fig"} and [Table 2](#T2){ref-type="table"}). MMS induced high levels of HDBs in wild-type and *mag1*-null yeast ([Figure 5](#F5){ref-type="fig"}, lanes 1--12), whereas only small amounts of HIBs were observed ([Figure 5](#F5){ref-type="fig"}, lanes 13--24). As expected there was considerable repair in the wild-type cells as manifested by the large reduction in HDBs following LH after both doses of MMS (compare lanes 2--3 with lanes 8--9). The repair was much less in the *mag1*-null cells (compare lanes 5--6 with lanes 11--12). Quantification of breakage based on Southern blot analysis in repeat experiments ([Table 2](#T2){ref-type="table"}) showed that the number of HDBs after repair was always less in the wild-type than in *mag1*-null (P~H0~ \< 0.05 by Mann--Whitney test). Figure 5.A *mag1* deletion causes severe blockage in the repair of MMS-induced heat-labile sites. Formation and repair of HDBs (lanes 1--12) and HIBs (lanes 13--24) were assessed as described in the text. Genotypes are indicated. Each group of three lanes (from left to right) contains mock-treated control, 15 min and 30 min MMS-treatment. Table 2.Median number of DSBs in chromosomes caused by MMS^a^Type of breaksGenotypeBefore LHAfter LH0 min15 min30 min0 min15 min30 minHeat-dependent breaks (HDBs)Wild type (15^b^)\<212.3\>40\<25.213.6(55°C)^c^(\<2)(9.8--19.1)(\>40)(\<2)(3.6--7.1)(11.8--19.3)\[\<2--3.9\]\[6.1--30.6\]\[10.3--\>40\]\[\<2--2.4\]\[2.1--11.2\]\[5.9--29.4\]*mag1* (4)\<223.9\>40\<217.9\>40(\<2)(18.6--31.6)(\>40)(\<2--4.1)(11.5--29.1)(\>40)*apn1 apn2* (4)\<229.3\>40\<215.7\>40(\<2)(16.4--\>40)(\>40)(\<2--2.6)(9.2--16.8)(18.9--\>40)*apn1 apn2 mag1* ([3](#M3){ref-type="disp-formula"})2.418.1\>402.213.3\>40(\<2--2.5)(12.6--33.4)(\>40)(\<2--2.9)(12.8--14.8)(\>40)Heat-independentWild type (13)\<22.44.7\<22.13.0breaks (HIBs) (30°C)^d^(\<2)(\<2--3.6)(3.4--7.6)(\<2--2.6)(\<2--3.7)(\<2--4.2)\[\<2--3.0\]\[\<2--5.7\]\[\<2--9.5\]\[\<2--3.7\]\[\<2--4.6\]\[2--5.9\]*mag 1* ([3](#M3){ref-type="disp-formula"})2.23.27.63.35.26.6(\<2--3.8)(\<2--3.7)(4.5--14.7)(\<2--5.1)(\<2--6.8)(3.5--6.8)*apn1 apn2* (4)\<28.5\>40\<215.9\>40(\<2--2.19)(2.9--11.3)(16--\>40)(\<2--5.11)(5.7--26.5)(30.7--\>40)*apn1 apn2 mag1* ([3](#M3){ref-type="disp-formula"})\<2\<24.32.64.36.5(\<2)(\<2--3.3)(3.9--9.1)(\<2--2.9)(4.1--4.8)(6.4--7.3)[^4][^5][^6][^7]

As shown in [Table 2](#T2){ref-type="table"}, the number of HDBs in the *mag1*-null mutant following 15 min MMS treatment (before LH) was higher than in the wild-type cells (P~H0~ \< 0.05 by Mann--Whitney test). The number of DSBs observed after 30 min MMS treatment was out of the range of reliable measurements. Since the induction of lesions is likely to be the same, the difference is most likely due to fast repair of base damage in wild-type cells before lysis. The initiation of BER, including the suggested fast repair, would be blocked or slowed down in *mag1*-null yeast. In this mutant the 15 min MMS-treatment resulted in around 24 closely spaced lesions in the genome, revealed as HDBs ([Table 2](#T2){ref-type="table"}). Since only approximately 5 HDBs/genome were left in wild-type cells after LH repair, around 80% of lesions that could contribute to HDBs were repaired. Thus, Mag1 glycosylase defines a major pathway for repair of MMS-induced base damage in yeast. There also appeared to be limited repair of HDBs in three out of four experiments (data not shown) (approximately 25% based on comparing median values); however, more experiments are required to establish statistical significance of this observation. There was no apparent difference in HIBs between wild-type and *mag1*-null yeast ([Figure 5](#F5){ref-type="fig"}, lanes 13--24) suggesting that most lesions in this mutant are preserved as methylated bases without conversion into AP sites or SSBs within the cell. This underscores the major role that Mag1 plays in the initial stage of repair of N3 and N7 alkylation base damages.

Mag1-dependent accumulation of HIBs after MMS treatment in cells lacking AP-endonucleases Apn1 and Apn2
-------------------------------------------------------------------------------------------------------

Following removal of methylated bases by Mag1, repair of AP sites in yeast usually proceeds via cleavage by the redundant AP endonucleases Apn1 and Apn2 in yeast ([@B6],[@B31; @B32; @B33]). Deletion of both *APN1* and *APN2* renders yeast extremely MMS-sensitive \[([@B5],[@B7],[@B34]) and [Figure 4](#F4){ref-type="fig"}A and B\]. The studies of MMS-sensitivity in various yeast mutants suggested that abasic sites accumulated in the *apn1 apn2* double mutant can be processed by a secondary pathway involving glycosylase/lyase activities encoded by the *NTG1* and *NTG2* genes \[[Figure 1](#F1){ref-type="fig"}; ([@B5],[@B7],[@B34]) and results subsequently\].

While deletion of either *APN1* or *APN2* did not produce any noticeable effect on repair of MMS damage (data not shown), the double mutant accumulated HIBs that could not be repaired in the G1 cells ([Figure 6](#F6){ref-type="fig"} and [Table 2](#T2){ref-type="table"}). Breaks were observed in MMS-treated a*pn1 apn2* double mutants when DNA plugs were processed at 30°C \[[Figure 6](#F6){ref-type="fig"} upper panel (lanes 5 and 6), and [Table 2](#T2){ref-type="table"}\] while MMS-treated wild-type yeast showed very few HIBs ([Figure 6](#F6){ref-type="fig"} upper panel, lanes 2 and 3 and [Table 2](#T2){ref-type="table"}). Importantly, HIBs even increased during LH of the double mutant, while they remained at the same low level in the wild-type cells ([Figure 6](#F6){ref-type="fig"}, compare lanes 5 and 14). Based on quantification of HIBs ([Table 2](#T2){ref-type="table"}) in each of four independent experiments breaks were added during LH. The amount of breaks added in the course of LH was comparable with the number of initially induced breaks (15 min MMS treatment, [Table 2](#T2){ref-type="table"}). Figure 6.Break accumulation in *apn1 apn2* double mutants is modulated by a mag1 deletion. Formation and repair of HIBs (upper panel) and HDBs (lower panel) were assessed as described in the text. Genotypes are indicated above lanes, *apn1 apn2* double mutant is abbreviated as apn1/2. Each group of three lanes (from left to right) contains mock-treated control, 15 min and 30 min MMS-treatment.

HIBs in the *apn1 apn2* double mutant could accumulate if abasic sites generated by Mag1 were converted into single-strands breaks that were not further repaired. Indeed, MMS-induced HIB formation in *apn1 apn2 mag1* triple mutant was almost completely blocked when Mag1 was eliminated ([Figure 6](#F6){ref-type="fig"} and [Table 2](#T2){ref-type="table"}). The slightly elevated amount of HIBs in *apn1 apn2 mag1* triple mutants after LH (when compared to that of before LH) was most likely due to spontaneous depurination or formation of AP sites via backup pathways. In contrast to HIB induction, the level of MMS-induced breakage after processing DNA plugs of the triple mutant at 55°C was high (comparable to the high level of HDBs in the *mag1* single mutant ([Table 2](#T2){ref-type="table"}). Consistent with prior studies ([@B7]) and our result that deletion of *mag1* prevents formation of unrepairable breaks in *apn1 apn2* yeast, deletion of *MAG1* reduced the level of MMS-sensitivity of the double mutant ([Figure 4](#F4){ref-type="fig"}A, 1 mM MMS and [Figure 4](#F4){ref-type="fig"}B).

DISCUSSION
==========

To fully understand cellular components and dynamics, DNA repair process should be examined *in vivo*. We have developed a method to monitor BER of MMS damage to the yeast chromosomes. Discussed subsequently are the rationale and capabilities of this approach along with important features of yeast BER revealed by our study.

*In vivo* monitoring of alkylation DNA damage and repair
--------------------------------------------------------

Our study confirmed that MMS does not break DNA directly, either *in vivo* or *in vitro* at 30°C. In addition to AP sites arising during repair, heat-induced formation of breaks at 55°C can be due to the accelerated spontaneous depurination of methylated N3 and N7 purines, leading to the formation of AP sites *in vitro* which are also heat unstable and can be further converted into SSBs ([@B19],[@B26]). The fact that MMS-induced damage is heat-labile and can be converted into breaks *in vitro* has been employed in this study to investigate *in vivo* repair processing of methylated base damage by analyzing HDBs (converted *in vitro* from methylated bases and AP sites) and HIBs (resulting from *in vivo* enzyme activity). DSB analysis was based on chromosome breaks detected and quantified by PFGE with the use of a circular chromosome. Estimates of DSB induction were obtained by comparing the amount of linearized circular chromosome formed after exposure with the amount of linear chromosome that remained unbroken. Since comparisons were made within the same lane, the estimate does not depend on the amount of DNA that enters the gel, a problem that may arise with other methods when comparing bands between different lanes where the amounts of DNA entering the gel may vary. Our method allows for comparison of chromosome breakage between different lanes even if unequal amounts of cells are loaded and/or lysed during plug processing. The limitations on the accuracy of DSB measurements result from background associated with Southern blot hybridization as well as spontaneous chromosome breakage within the cell or during plug preparation and PFGE. Regardless, we established a dynamic range that covers from 2--40 DSBs per haploid yeast genome in our experimental conditions.

It was proposed that MMS-induced heat-labile sites that can be detected as DSBs with PFGE result from closely spaced SSBs located on opposite DNA strands ([@B24]). If so, the appearance of HDBs should be related to MMS dose by second-order kinetics \[Equation ([3](#M3){ref-type="disp-formula"}) in 'Material and Methods'\]. The median values of MMS-induced HDBs after 15 min and 30 min treatment of wild-type yeast are in good agreement with this prediction ([Table 2](#T2){ref-type="table"}). Since there is a lack of information on the relationship between the distance separating SSBs and likelihood of appearance of a DSB during PFGE, we can only estimate heat-labile SS damage. If SSBs separated by 10 or less nucleotides result in broken chromosomal DNA, the number of HDBs observed after 15 min of treatment with 11.8 mM MMS would correspond to one damaged base per 2 kb as determined from Equation ([2](#M2){ref-type="disp-formula"}) in 'Material and Methods'. This corresponds to approximately 6000 damaged bases per yeast genome or 1.7 × 10^−4^ lesions/mM·h, which is close to the value of 10^−4^ lesions/mM·h determined in MMS-treated mammalian cells ([@B35],[@B36]). Direct measurement of MMS damage in yeast by independent techniques is required for more precise calculations.

Our assay is set to identify genetic controls that affect BER among the vast collection of damage-sensitive mutants identified in genome-wide screens ([@B16],[@B17]). This relates not only to BER enzymes that directly participate in repair, but also to cell elements that enable and regulate the *in vivo* damage recognition and repair in the context of highly organized chromatin. Only mutants that affect BER would be detected in our assay. Other mutants that impact downstream events, such as damage bypass or DSB-repair would be seen as wild-type in our system. For example while the *rad52* mutant deficient in recombinational repair of DSBs is extremely sensitive to MMS, it was comparable to wild-type in our *in vivo* BER assay (Supplementary Figure 1). As described subsequently, our assay can also dissect cellular metabolism of alkylation DNA damage and downstream AP sites.

Crucial role of Mag1 glycosylase in the repair of MMS damage
------------------------------------------------------------

We found that MMS killing of *mag1*-null G1 cells is comparable to that of wild-type yeast. The MMS-resistance of the mutant might be due to alternative pathways for removal of N3-MeA or N7-MeG. Based on the increased MMS-sensitivity of the triple *mag1 ntg1 ntg2* mutants it has been suggested that the bi-functional glycosylases Ntg1 and Ntg2 have a broad range of substrate specificity and their glycosylase function provides a backup activity for Mag1 to protect yeast from alkylation damage ([@B34]). Alternatively, the synthetic effect could be due to the role of Ntg1 and Ntg2 in repair of AP sites occurring by spontaneous depurination of N3-MeA or N7-MeG nucleotides (see subsequently). Other studies suggested that NER might be a backup to BER in removing methylated bases. This was surmised from the observation that deletion of NER genes rendered *mag1*-null mutants far more sensitive to the toxic effects of MMS in budding ([@B37],[@B38]) and fission yeast ([@B39]). However, the hypersensitivity does not necessarily mean that any of the suggested pathways is directly involved in repairing alkylated bases or AP sites (discussed subsequently) when BER is defective. For example, alkylated bases might be converted into other types of lesions during DNA replication or damage bypass that requires NER for further repair.

Our results ([Figure 5](#F5){ref-type="fig"} and [Table 2](#T2){ref-type="table"}) indicate that Mag1 is the major and may be the only DNA glycosylase responsible for the removal of MMS-induced base damage *in vivo* in G1 haploid yeast cells. In the absence of Mag1, most methylated bases were not removed based on the retention of HDBs (at least 75%) following LH. The small amount of repair (no more than 25%) after LH is most likely due to spontaneous depurination to form AP sites, which can be quickly repaired by the downstream enzymes. The half-lives for spontaneous depurination of N3-MeA and N7-MeG at 39°C are approximately 30 and 70 h, respectively ([@B40]). Considering that 9--12% of MMS lesions are N3-MeA and 80--85% are N7-MeG and ([@B29]), the possible amount of repair (up to 25%) after 24 h of LH (30°C) is well correlated with the *in vitro* depurination rate.

The observation that deletion of *MAG1* almost completely abolishes the removal of methylated bases in G1 haploid cells excludes the possibility that alternative players such as NER or Ntg1 and Ntg2 are involved to a significant extent in the initial step of BER. The lack of significant MMS-killing of *mag1*-null G1 haploid yeast could be explained by high capacity of downstream damage bypass ([@B41]) and/or DSB repair ([@B39]).

Break accumulation can be caused by interrupted BER of MMS damage
-----------------------------------------------------------------

Severe MMS sensitivity of BER mutants lead to propose that these defects may cause production of SSBs as a result of disrupted repair. For example SSB that remains unrepaired until DNA replication could lead to a DSB. Unrepaired SSBs would accumulate at a higher rate if one end of the break contains an AP-site, thereby precluding ligation. Break accumulation was suggested as an explanation for the severe MMS-sensitivity of mammalian cells lacking the 5′-dRP lyase activity associated with DNA polymerase β ([@B42]). This generally-accepted explanation accounts for the strong MMS sensitivity caused by defects in the yeast 5\'-flap endonuclease Rad27/Fen1 ([Figure 1](#F1){ref-type="fig"} and ref. ([@B1])). In support of this, the double mutant *apn1 rad27* was reported to be less MMS-sensitive than the *rad27* single mutant ([@B43]). Apparently, abasic sites are not as toxic as 5\'-flaps that can accumulate after cleavage of an abasic site with AP-endonuclease. Single *apn1* mutants have only marginal MMS-sensitivity, presumably because of the remaining Apn2 activity.

Deficiency in both AP-endonucleases results in extreme sensitivity to MMS and other DNA base-damaging agents ([@B7],[@B34]). As indicated in [Figure 1](#F1){ref-type="fig"}, the Ntg1 or Ntg2 lyases could have access to the abasic sites that arise in the absence of AP-endonucleases and cause accumulation of SSBs with 3\'-dRP ends. The 3\'-dRPs are highly toxic due to the inability of DNA polymerases to extend them. Importantly, the *apn1 apn2* double mutants were less MMS sensitive when formation of abasic sites was blocked by deletion of *MAG1* \[[Figure 4](#F4){ref-type="fig"}A and B and ([@B7])\]. (Note: *mag1 apn1 apn2* triple mutants were still significantly more sensitive than single *mag1* mutants when incubated on plates with higher concentration of MMS (3 mM), possibly because AP sites could be formed at low rate in the absence of Mag1.) Through monitoring base damage and repair in the chromosomal DNA of G1 haploid yeast we have provided direct evidence for accumulation of breaks that are refractory to repair in the *apn1 apn2* double mutant ([Figure 6](#F6){ref-type="fig"} and [Table 2](#T2){ref-type="table"}).

Breaks accumulated in the double mutant could be detected even in chromosomes that were processed at low temperature (HIBs). Therefore the breaks are clearly distinguishable from base damage and/or abasic sites. The breaks are likely to have arisen by enzymatic incision of AP sites since the formation of breaks was prevented by a *mag1* deletion mutant that abolishes AP formation. Based on the synthetic lethality between the double mutation *apn1 apn2* and either *rad1* or *rad10*, it has been suggested that the 3′-endonuclease activity of Rad1-Rad10 can release 3′-blocked termini thereby providing an alternative branch of BER ([@B1],[@B5],[@B8]). The *apn1 apn2* double mutant carries wild-type *RAD1* and *RAD10* and still showed accumulation of breaks, rather than repair. Therefore, the *RAD1/10* pathway does not appear to play a significant role in repair of MMS base damage, at least in G1 haploid yeast. However, BER of spontaneously occurring DNA lesions might still involve *RAD1/10* pathway as an important backup, which would explain synthetic lethality of *apn1 apn2 rad1* (or *rad10*).

The approaches presented here open the way to quantify alkylation base damage and to assess repair in full-size chromosomes. While the assay has been developed for methylation damage, the information obtained here should also apply to the repair of oxidative or other types of base damage where an AP site is the intermediate in repair. Since DNA alkylation is a common form of environmental damage and many anti-cancer drugs act by alkylating DNA, it is important to understand how the cell deals with such challenges. Importantly, the assay discriminates initial base damages from SSBs formed as downstream intermediates in repair. Prior to this report there has been a considerable amount of indirect evidence for *in vivo* SSB-accumulation resulting from faulty or misrouted DNA repair. Our study provided direct physical evidence of accumulation of DNA strand breaks resulting from a block in an intermediate stage of BER.

SUPPLEMENTARY DATA
==================

Supplementary Data are available at NAR Online.
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[^1]: ^a^The number of DSBs in yeast chromosomes separated by PFGE was calculated as described in the text. The Chr II: Chr III ratio is the ratio of the amount of unbroken chromosome II to the amount of chromosome III with a single break (i.e. a unique band since chromosome III was originally a circle), where both chromosomes are identified with the *LEU2* probe. The sizes of chromosome II, linearized circular chromosome III missing two telomere-proximal regions (HMRa-Tel and HMLα-Tel) and the haploid G1 size the yeast genome were assumed to be 813 178 bp, 280 500 bp and 12 156 678 bp, respectively (calculated based on the data from <http://www.yeastgenome.org>).

[^2]: ^b^Results are derived from the experiment presented in [Figure 2](#F2){ref-type="fig"}.

[^3]: ^c^The two intermediate levels of chromosome breakage that were not observed in the γ-irradiation experiments were obtained from experiments (exp. 1 and exp. 2), where wild-type yeast were treated with MMS for 30 min (Table 2, described later in the 'Results').

[^4]: ^a^Number of DSBs per haploid genome in chromosomes separated by PFGE was calculated in each experiment as described in the text. Presented in parentheses below median values are either 95% CI of the median ([@B44], [@B45]) for the wild type or ranges for all mutant strains. Presented in brackets under the 95% CI for the wild type are the ranges. In the cases where both borders of the interval were either \>40 or \<2, only one border of the range or CI is shown.

[^5]: ^b^Number of independent experiments is presented in parentheses below each genotype.

[^6]: ^c^Plug preparation included treatment for 24 h at 55^°^C before PFGE.

[^7]: ^d^All stages of plug preparation were performed at 30°C.
